Background: Mutations in the voltage-gated sodium channel Nav1.7 cause congenital insensitivity to pain (CIP) in humans. Results: Missense mutation R907Q in the extracellular disordered loop of Nav1.7 may also cause CIP because of the enhanced MMP-9 proteolysis of the mutant. Conclusion: Accelerated cleavage of Nav1.7 by MMP-9 explains insensitivity to pain. Significance: MMP proteolysis of sodium channels is a novel biochemical phenomenon.
Congenital insensitivity to pain (CIP) 3 or congenital analgesia is a rare hereditary condition. Affected humans are unable to perceive physical pain but retain the ability to feel a touch, heat, or cold stimulus (1) . Congenital analgesia is clinically and genetically heterogeneous and caused by mutations in several distinct genes (2, 3) . Mutations in SCN9A, encoding the ␣-subunit of the voltage-gated sodium channel Nav1.7, the predominant voltage-gated sodium channel in peripheral neurons (4) , are a cause of autosomal recessive CIP. This disorder is characterized by the inability to perceive any form of pain, in any part of the body, but with intact motor, cognitive, sympathetic, or gastrointestinal and sensory modalities (5) (6) (7) (8) . Affected individuals cannot normally respond to the environment and are frequently traumatized, manifesting permanent damage and high mortality.
Mammalian 1700 -2000-residue-long Nav1.7 and the other eight members of the Nav1.1-Nav1.9 ␣-subunit family (9) exhibit a common structural motif that includes four homologous domains (DI-DIV) linked by three cytoplasmic loops (L1-L3), with each domain having six transmembrane segments (S1-S6) arranged as a cross (4, 7) . In the plasma membrane, the four domains assemble a pore with the sodium channel in the center and with the exposed pore region, encompassing the extracellular sequence linking the S5-S6 transmembrane segments within each of the four homologous domains.
Over the years, numerous genetic, functional, and structural studies have provided convincing insights into the central role of Nav1.7 in pain pathophysiology in both humans and mice (5-8, 10 -12) . The recent determination of the crystal structure (4BGN) of the bacterial sodium channel has allowed a more precise understanding of the effect of mutations in the structure-function of human Nav1.7 (4) . Other voltage-gated sodium channels cannot compensate for a paucity of Nav1.7.
Conversely, gain-of-function mutations in Nav1.7 are a causative link to severe neuropathic pain including the inherited erythromelalgia, paroxysmal extreme pain, and small-fiber neuropathy disorders (7) . Intriguingly, a non-truncating homozygously inherited missense mutation found in a consanguineous Israeli Bedouin family with CIP (Nav1.7-R907Q in the exposed pore S5-S6 region) has been recently reported (6) . This mutation led to both a significant reduction in membrane localization of the R907Q mutant as compared with the wild type and a complete loss of function of Nav1.7, consistent with the absence of pain phenotype. Consistently, the truncated Nav1.7 mutant with the neighboring W908X nonsense mutation (W897X mutation according to the nomenclature of the original publication (5)) was functionally inactive.
Experimental Procedures
MMP-9 Proenzyme and General Reagents-All reagents were purchased from Sigma unless otherwise indicated. The purified MMP-9 proenzyme from human neutrophils was obtained from Enzo Life Sciences (Farmingdale, NY). We also used the purified, recombinant homogenous human MMP-9 proenzyme that was a generous gift of Dr. Rafael Fridman (Wayne State University, Detroit, MI). To generate the mature MMP-9 enzyme, the proenzyme was activated for 3 h at 37°C using 1 mM p-aminophenylmercuric acetate in 50 mM Tris-HCl, pH 7.5, containing 150 mM NaCl, 5 mM CaCl 2 , 5 mM MgCl 2 , and 50 M ZnCl 2 . The conversion of the 92-kDa proenzyme into the 84-kDa mature enzyme of MMP-9 was confirmed using gelatin zymography (data not shown) (13) .
Cleavage of Synthetic Peptides and Mass Spectrometry Analysis-The Nav1.7 wild-type TLPRWHMNDF (1316.48 Da), CIP R907Q mutant TLPQWHMNDF (1288.43 Da) and control TLPDWHMNDF (1275.39 Da) peptides (the residue 907 is underlined) were synthesized by GenScript (Piscataway, NJ). The peptide sequence was derived from the amino acid residue sequence of the human Nav1.7 voltage-gated sodium channel (GenBank TM accession number Q15858) of either sex. The peptides (1 g; 40 M each) were incubated for 2 h at 37°C with the active MMP-9 enzyme (0.16 -0.67 g, a 1:250 -100 enzyme-substrate molar ratio) in 20 l of 50 mM Tris-HCl, pH 7.5, containing 150 mM NaCl, 5 mM CaCl 2 , 5 mM MgCl 2 , and 50 M ZnCl 2 .
The spectra of the intact and cleaved peptides were determined by MALDI-TOF MS analysis using an AutoFlex II mass spectrometer (Bruker Daltonics, Billerica, MA). For MS analysis, sample aliquots (2 l each) were mixed with an equal volume of ␣-cyano-4-hydroxycinnamic acid (20 mg/ml) in 50% acetonitrile, 0.1% trifluoroacetic acid. The mixtures were spotted directly on a MALDI target plate and then allowed to air-dry and co-crystallize for 15 min. The MALDI mass spectra were analyzed using FlexAnalysis 2.4 software (Bruker Daltonics). The predicted masses of the TLPRW, TLPQW, and HMNDF cleavage products were 671.36, 643.73, and 662.23 Da, respectively.
To quantify MMP-9 proteolysis, we determined the intensities of both the residual intact peptides and common HMNDF digest fragments in the cleavage reactions. To obtain the more accurate quantitative data, the acquisition of the spectral data was narrowed to the 662-665-Da regions that included the common HMNDF cleavage product alone. All the cleavage reactions were repeated at least three times using two independent samples of MMP-9. The results were highly reproducible without any significant day to day variations.
Molecular Modeling-We used the SWISS-MODEL automated structure homology-modeling server (14) for the molecular modeling of the DII domain structure of human Nav1.7. To model the DII domain, we used the Caldalkalibacillus thermarum sodium channel structure (Protein Data Bank (PDB) 4BGN) as a template (15) . The Nav1.7 lipid bilayer membrane model has been built using a replacement method (a protein is first packed by lipid-like spheres whose positions are subsequently used to place randomly chosen lipid molecules from the library) using the CHARMM-GUI web interface (16) .
In Silico Prediction of the Putative Cleavage Sites in Nav Proteins-We used the CleavPredict algorithm to predict the cleavage sites in the full-length Nav proteins. The algorithm is based on the position weight matrices (PWMs) approach. The original cleavage data were derived from the analysis of specific substrates selected from phage display libraries (17, 18) .
Results
Recently, using substrate phage display (17, 18) , we identified some of the cleavage preferences of the matrix metalloproteinase (MMP) family members (19) . Here, we employed a high throughput multiplexed peptide-centric profiling technology involving the cleavage of 18,583 peptides by the 18 individual proteinases from the main subgroups of the MMP family (20) . Volumes of the experimental data we acquired, merged with advanced bioinformatics, enabled comparison of the MMP cleavage preferences on a global scale and led to the previously unprecedented level of knowledge in MMP biology. Based on this newly acquired knowledge, we then developed cleavage prediction algorithms and the substrate specificity profiling software (17) . This now freely available software (CleavPredict) readily identifies the cleavage site sequences within either individual proteins/peptides or the whole proteome and then ranks the probability of these site cleavages by the individual MMPs. CleavPredict allows us and others to locate in silico, with a nearly 100% accuracy, the MMP cleavage sites in the peptide sequences. The cross-validation tests involving the hundreds of the MMP cleavage sequences identified by others (17, (21) (22) (23) (24) (25) validated the accuracy of our cleavage prediction software. Specifically, false prediction rate, accuracy, and specificity were 2-3, 94 -96, and 97-98%, respectively, for MMP-9, suggesting that, in addition to the previously known cleavage targets, we can now identify novel, previously unrecognized substrates of this proteinase (17, 20) .
Notably, according to our in silico CleavPredict analysis, the 904 -913-peptide sequence of the exposed convex pore region linking the S5-S6 transmembrane segments in the Nav1.7 DII domain (GenBank accession number Q15858) was predicted to be highly sensitive to MMP-9 proteolysis, but not to other MMPs. Intriguingly, a single missense mutation (R907Q) that leads to CIP is currently known in Nav1.7. Even more intriguingly, this CIP-related single amino acid substitution overlaps with the predicted cleavage site of MMP-9 (Fig. 1) .
The similar potential cleavage sites of MMP-9 were detected in both the 913-922 Nav1.6 (GenBank accession number Q9UQD0) and the 826 -835 Nav1.8 (GenBank accession number Q9Y5Y9) sequences, but not in Nav1.9 (GenBank accession number Q9UI33). These sequence regions are a part of the exposed loop in the DII domain structure and, as a result, they appear accessible to secretory soluble proteinases (4) .
In contrast with other MMP family members, MMP-9, a unique secretory pro-inflammatory proteinase, has a restricted expression and activation pattern (26) . MMP-9 activity is stimulated by a limited set of conditions that are prevalent in inflammation, including peripheral nerve injury, and also in neurogenesis (27, 28) . Because our software correctly predicts a vast majority of MMP-9 substrates (17, 20) and because the R907Q missense mutation reduced the presentation of the mutant protein at the plasma membrane, we hypothesized that the mutation enhanced the susceptibility of the membrane Nav1.7 to MMP-9 proteolysis, leading to the fragmented channel incapable of assembling a functional pore at the plasma membrane.
To test our hypothesis, we co-incubated the wild-type and mutant CIP peptides (TLPRWHMNDF and TLPQWHMNDF, respectively; the mutant residue is underlined) with the catalytic amounts of the purified, active MMP-9 mature enzyme. The TLPDWHMNDF peptide with the fully inactivated MMP-9 cleavage site (inactivating mutation is in bold) was used as a control. Cleavage reactions were subjected to the MALDI-TOF MS analysis to identify their MS peptide spectra (Fig. 2) . As expected, the control peptide was fully resistant to MMP-9 proteolysis. Our results directly indicated that the CIP mutant sequence was cleaved by MMP-9 about 3-fold more efficiently as compared with the wild-type peptide. These results imply that MMP-9 cleavage of the exposed extracellular unstructured region linking the S5-S6 transmembrane segments in the DII domain encompassing the peptides we studied is enhanced in the CIP mutant Nav1.7 relative to the wild-type channel.
Furthermore, as a result of both these experimental findings and the considerable level of sequence homology among sodium chan-FIGURE 1. The structure of Nav1.7 and MMP-9 cleavage site. A, superimposition of the S1-S6 transmembrane segments of the Nav1.7 DII domain (red) and the full-length C. thermarum sodium channel (NavCt, gray; PDB 4BGN). Extracellular regions are in green. An arrow points to the extracellular region connecting the S5-S6 segments. B, side view of the modeled S1-S6 transmembrane segments (red) of the domain DII with the full-length NavCt homologue (gray) immersed in a lipid bilayer. Inset, the loop (green) connecting the S5-S6 segments with the MMP-9 Trp 908 -His 909 cleavage site (sticks). C, the PWM score of the MMP-9 cleavage sites in the Nav1.7 extracellular regions. The high PWM score suggests the presence of a potential cleavage site in the peptide sequence. Inset, the alignment of Nav1.7 with the respective regions of other sodium channels and the PWM score of the predicted MMP-9 cleavage site. The P1 and P1Ј residues of the scissile bond are in bold. Arg 907 (red and underlined) is mutated in CIP. D, the MMP-9 cleavage site is conserved in Nav1.7 from human, chimpanzee, guinea pig, rat, rabbit, camel, and chicken (GenBank accession numbers Q15858, H2QIX3, H0VMS3, O08562, Q28644, T0NJY4, and E1C4S2, respectively). nels, we now confidently expect that the Nav1.6 and Nav1.8 voltage-gated sodium channels, but not Nav1.9, are also similarly cleaved by MMP-9 (Fig. 2) . In agreement, in our earlier immunostaining studies, we have already observed the high levels of Nav1.6 in teased nerve fibers isolated from the MMP-9-null mice relative to those obtained from the wild-type animals (29) .
Discussion
In human genome, the SCN9A gene codes for the ␣-subunit of the voltage-gated Nav1.7 sodium channel, the main pain signaling channel that is expressed in peripheral pain-sensing neurons (10) . A number of gain-of-function mutations in SCN9A result in severe episodic neuropathic pain and the three distinct disorders known in humans such as paroxysmal extreme pain disorder, inherited/primary erythromelalgia, and small-fiber neurop-athy (reviewed in Ref. 7) . In turn, multiple recently identified biallelic loss-of-function truncating mutations in SCN9A lead to either the dysfunctional Nav1.7 protein or, probably, to no protein being produced, and, consequently, to a disorder named autosomal recessive CIP (1, 3, 11, 12, 30) . CIP patients are incapable of perceiving any form of pain, in any part of the body, but other modalities are normal. It is not entirely surprising that some of affected individuals make a living as street performers (5) .
A non-truncating Nav1.7-R896Q mutation, however, has been found in a consanguineous Israeli Bedouin family (6) . So far, this is the only missense mutation in Nav1.7 that causes CIP. This missense mutation was mapped to the exposed extracellular unstructured region (the pore region) linking the S5-S6 transmembrane segments in the DII domain of the human Nav1.7. The Nav1.7 channels exist in multiple, if not all, verte-FIGURE 2. Mass spectrometry analysis of MMP-9 proteolysis of the Nav1.7 peptides. A, MALDI monoisotopic MS spectra of the peptides. The wild-type TLPRWHMNDF (1316.48 Da), mutant TLPQWHMNDF (the CIP R907Q mutation is underlined; 1288.43 Da), and control TLPDWHMNDF (the inactivating R907D mutation is in bold; 1275.39 Da) peptides were incubated with MMP-9 at a 1:100 enzyme-substrate molar ratio. The graphs show the superimposed monoisotopic spectra of the respective intact peptides incubated with or without MMP-9 (red and black, respectively). The average mass of the intact peptides is underlined. Although the wild-type peptide and, especially, the CIP mutant were efficiently cleaved by MMP-9, the control peptide was fully resistant. B, quantification of the common HMNDF cleavage product. The wild-type peptide (black) and the R907D CIP mutant (red) were incubated with MMP-9 at a 1:250 enzyme-substrate molar ratio. Upper panels, the spectra of the TLPRW (671.36 Da), TLPQW (643.73 Da), and HMNDF (662.23 Da) cleavage products. An arrow points to the scissile bond. The molecular mass of the common HMNDF fragment is underlined. Inset, the superimposed spectra of the common HMNDF fragment generated by MMP-9 proteolysis of the wild-type and mutant CIP R907Q peptides. AU, arbitrary units. brate species, and the vertebrate homologues are not fully sequence homologous to the human Nav1.7 (9, 31) . Nevertheless, these pain-sensing channels are likely to be fully functional in vertebrates regardless of their multiple sequence dissimilarities relative to the human protein. Naturally, it is intriguing that the single missense Nav1.7-R896Q mutation resulted in the severe loss of function phenotype consistent with CIP in humans. In addition, the Nav1.7-R896Q mutation caused a significant reduction in membrane localization of the mutant protein as compared with the wild type (6) .
The sequence analysis of Nav1.7 using the highly accurate cleavage prediction software we developed (17) pointed to the presence of the highly efficient MMP-9 cleavage site in the Nav1.7 pore region. Furthermore, the sequence of this cleavage site overlapped the R896Q mutation, suggesting that the mutation affected the rate of MMP-9 proteolysis of Nav1.7. To mimic the proteolysis of the unstructured Nav1.7 pore region by MMP-9 in vivo, we synthesized the peptides whose sequence was derived from the pore region, and then we digested the peptide samples in vitro using the purified, active MMP-9 enzyme. The digests were next analyzed by mass spectrometry to determine the efficiency of proteolysis, the peptide mass and, consequently, the scissile bond. According to our data, the R896Q mutant sequence was severalfold more sensitive to MMP-9 proteolysis relative to the wild type. These results allow us to suggest that the excessive MMP-9 proteolysis is a biochemical rationale for the functional inactivation in the Nav1.7 missense mutant and CIP in the Bedouin family (6, 27) . Consistent with our data, the truncated Nav1.7 mutant with the neighboring W908X nonsense mutation (W897X mutation according to the nomenclature of the original publication (5)) is also functionally inactive. The presence of this inactive W908X mutant implies that cleavage at the Tyr 908 -His 909 site by MMP-9 may also cause the inactivation of Nav1.7. Based on the sequence homology in the Nav family, our data also suggest that MMP-9 proteolysis likely targets the Nav1.6 and Nav1.8 channels (but not Nav1.9), rather than Nav.1.7 alone.
Overall, our focused results highlight the primary role of the Nav1.7 channel in pain signaling. Our data also suggest that, similarly to the rate of the protein synthesis and presentation of the Nav1.7 protein on the cell membrane, MMP proteolysis is an important element in the regulation of both Nav1.7 function and pain control mechanisms. Likewise, the accelerated MMP-9 proteolysis during neuroinflammation may contribute to the functional alterations in Nav1.7 and aberrant pain processing (28, 29) .
